Elongation factor Tu (EF-Tu) GTP has the primary function of promoting the efficient and correct interaction of aminoacyl-tRNA with the ribosome. Very little is known about the elements in EF-Tu involved in this interaction. We describe a mutant form of EF-Tu, isolated in Salmonella typhimurium, that causes a severe defect in the interaction of the ternary complex with the ribosome. The mutation causes the substitution of Val for Gly-280 in domain II of EF-Tu. The in vivo growth and translation phenotypes of strains harboring this mutation are indistinguishable from those of strains in which the same tufgene is insertionally inactivated. Viable cells are not obtained when the other tuf gene is inactivated, showing that the mutant EF-Tu alone cannot support cell growth. We have confirmed, by partial protein sequencing, that the mutant EF-Tu is present in the cells. In vitro analysis of the natural mixture of wild-type and mutant EF-Tu allows us to identify the major defect of this mutant. Our data shows that the EF-Tu is homogeneous and competent with respect to guanine nucleotide binding and exchange, stimulation of nucleotide exchange by EF-Ts, and ternary complex formation with aminoacyl-tRNA. However various measures of translational efficiency show a significant reduction, which is associated with a defective interaction between the ribosome and the mutant EFTu. GTP aminoacyl-tRNA complex. In addition, the antibiotic kirromycin, which blocks translation by binding EF-Tu on the ribosome, fails to do so with this mutant EF-Tu, although it does form a complex with EF-Tu. Our results suggest that this region of domain II in EF-Tu has an important function and influences the binding of the ternary complex to the codon-programmed ribosome during protein synthesis. Models involving either a direct or an indirect effect of the mutation are discussed.
The prokaryotic translation factor elongation factor Tu (EF-Tu) mediates the productive interaction of aminoacyltRNA (aa-tRNA) with the ribosome. The ternary complex EF-Tu. GTP. aa-tRNA interacts with the ribosome such that the anticodon region of aa-tRNA is properly positioned in the ribosomal A site on the 30S subunit, while the aa region remains bound to EF-Tu outside the A site (43) . EF-Tu on the ribosome protects bases in the universally conserved a-sarcin loop of 23S rRNA on the 50S ribosomal subunit, suggesting that this may form at least part of its ribosomal binding site (20, 44) . This conclusion is supported by data showing that a base substitution mutation in the ot-sarcin loop can affect the binding of ternary complex to the ribosome (62) . If the tRNA codon and the mRNA anticodon in the 30S A site match, there is a high probability that the GTP on EF-Tu will be hydrolyzed. Whether the probability of GTP hydrolysis depends mainly on the length of time that the ternary complex spends on the ribosome or on signals transmitted to EF-Tu after correct codon-anticodon interaction is an open question. However, after GTP hydrolysis, EF-Tu-GDP leaves the ribosome and is recycled, via interaction with the nucleotide exchange factor EF-Ts, to EF-Tu. GTP and is again capable of forming a ternary complex with aa-tRNA and participating in translation (30, 41) . According to the data and model of Moazed and Noller (43) , it is only after EF-Tu. GDP has left the ribosome that aa-tRNA is able to occupy the A site on the 50S ribosomal subunit. Moazed and Noller (43) have proposed that this can * Corresponding author.
provide a physical basis for how kinetic proofreading occurs (21, 46) by showing that aa-tRNA selection in the A site is a multistep process. There is experimental support from in vitro translation for the kinetic proofreading of aa-tRNA selection (53, 63) . Thus, according to the model of Moazed and Noller (43) , an important function of EF-Tu is to facilitate the possibility of codon-anticodon interactions while at the same time preventing peptide bond formation until after the GTP on EF-Tu has been hydrolyzed and EF-Tu has left the ribosome.
One of the aims of current studies of EF-Tu is to understand at the molecular level the relationships between its structure and functions. The crystal structure of Eschenchia coli EF-Tu in complex with GDP reveals three distinct domains with the guanine nucleotide bound to the N-terminal domain (13, 33, 35, 47) . We have studied Salmonella typhimunum EF-Tu, which is identical in sequence to E. coli EF-Tu with the exception of a Leu-*Ile change at residue 189 (65) , a residue which is not conserved (14, 38) . Thus, data on structure-function relationships should apply equally to EF-Tus from both species. S. typhimunum, besides being closely related to E. coli, has the advantage that each of its two genes for EF-Tu is individually dispensable for growth (23) , facilitating mutant analysis. For reasons that are currently unclear, the E. coli tufA gene cannot be inactivated (69) . The molecular interactions of EF-Tu with the guanine nucleotides have been studied in most detail, but some progress has also been made in defining the elements involved in interactions with the nucleotide exchange factor EF-Ts and with aa-tRNA. Conserved amino acid loops in the immediate neighborhood of the guanine nucleotide (10, 15) were shown by mutagenesis to be involved in determining the relative affinity of GDP and GTP for the molecule, its hydrolysis, and the nature of the nucleotide which is bound (2, 25, 26) . EF-Ts binding is influenced by a mutation close to the guanine nucleotide in domain I (27) , but the primary binding site for EF-Ts may be on domain III (8, 49, 56) . The binding of tRNA to EF-Tu, studied by cross-linking (16, 40, 68) and chemical protection (5, 28) , indicates that residues in domains I and II of EF-Tu interact with aa-tRNA and that the aa moiety can be crosslinked to His-66 in domain I. In EF-la (the eukaryotic homolog of EF-Tu), which lacks the equivalent of His-66 in domain I, the amino acid has been cross-linked to the extreme edge of domain II (31) . Evidence from biochemical (11) and genetic (6, 34, 57) assays indicates that EF-Tu interacts with the amino acid, the acceptor stem, and the T*C helix of aa-tRNA.
Once formed, the EF-Tu. GTP. aa-tRNA complex must interact with the ribosome. That EF-Tu is directly involved in interacting with the ribosome is suggested by the binding of EF-Tu. GDP to the ribosome in the presence of kirromycin (70) . EF-Tu, bound to the ribosome in the form EFTu. GDP. aa-tRNA. kirromycin, protects bases in the ao-sarcin loop on the large ribosomal subunit against chemical attack (44) ; this suggests that this region of the ribosome may be at least part of its binding site. In addition, there is genetic evidence that EF-Tu's interaction with the ribosome is influenced strongly by protein S12 on the small ribosomal subunit (7, 60, 62, 64) . There is currently very little information on the residues in EF-Tu which are important for the interaction with the ribosome. On the basis of the area of homology between EF-Tu and EF-G, with which it shares an overlapping binding site on the ribosome (37, 44) , one would predict that the ribosome interaction should involve domain I of EF-Tu, and there is evidence supporting this prediction (48, 50) . In this article, we report experiments showing that an amino acid substitution at residue 280, a conserved residue in a loop in domain II, disrupts ternary complex interaction with the ribosome. The effects of the alteration must be relatively specific to the ternary complex-ribosome interaction because we do not detect changes in the other molecular interactions of EF-Tu which we have tested.
MATERIALS AND METHODS
Bacterial and phage strains. The bacterial strains used in this study are listed in Table 1 . All of the strains are derivatives of the wild-type strain S. typhimurium LT2. Transductions were made with P22 HT105/1 int-201 (55) .
The selection of the mutation studied here, tufB414, has been described previously (1) . Briefly (23) by cotransduction with the linked marker zhb-736::TnlO. The markerproB1657::TnlO was introduced by selection for tetracycline resistance and used for the subsequent selection and maintenance of F' factors carrying the E. coli lac operon and proAB region by selection for proline prototrophy. Media. Media and antibiotic concentrations have been described previously (64) . Kirromycin (mocimycin) was a gift from Gist-Brocades NV, Delft, The Netherlands.
Determinations of growth rate and suppression. Growth rates were measured in liquid M9 salts supplemented with glucose (0.4%, wt/vol) and tryptophan (10 mM) by inoculating 100 1.l of an overnight culture into 20 ml of fresh medium in a 300-ml flask, aerating the mixture by vigorous shaking, and measuring the increase in optical density of the culture as a function of time. Suppression of the trpE91 and hisG3720 mutations was measured as the time taken to form colonies on M9 minimal medium agar (24) . Suppression of nonsense mutations in the lacI part of a lacIZ fusion was determined by measuring f3-galactosidase activity and normalizing it to the activity from a nonmutated fusion in the same strain (22) . The translation elongation rate in vivo was estimated by measuring the step time for P-galactosidase synthesis after induction of a wild-type lac operon as described by Andersson et al. (4) . P-Galactosidase activity was measured as described by Miller (42) .
In vitro translation assays. EF-Tu was purified according to the method of Leberman et al. (36) with the following modifications. Fractions containing EF-Tu from the DEAESepharose and Ultrogel AcA44 (AcA) (Sepracor, France) columns were not ammonium sulfate precipitated but were instead pooled and loaded directly onto a small (10-ml) column of Q Sepharose Fast Flow (Pharmacia) previously washed with buffer A (DEAE) or phosphate buffer (AcA) as appropriate. Samples from the DEAE column were washed from the Q Sepharose by the application of buffer A containing 0.4 M NaCl and loaded directly onto the AcA column. Samples from the AcA column were washed from the Q Sepharose by the application of a phosphate gradient from 50 to 250 mM. The final EF-Tu-containing fractions from the AcA column (about 20 ml) were concentrated 10-fold with Aquacid and then dialyzed against polymix buffer containing GDP and stored at -800C. These (9) , with the exception of the variations noted below. After the EF-Tu. GDP concentration was measured by a nucleotide exchange assay (18, 19) , different preparations were routinely compared by gel electrophoresis and quantified with an LKB-Pharmacia laser densitometer.
Translation assays as a function of kirromycin concentration were carried out as described by Hughes (23) . The Protein sequencing. Cyanogen bromide (CNBr) fragments of EF-Tu (3,000 pmol) were electrophoresed and transferred by blotting onto a polyvinylidine difluoride membrane as described by Matsudaira (39) . The fragment containing position 280 (29) (23) . In this study, we investigated the functional basis of the lethality of one of these mutations, Gly-280--*Val, which is a mutation at a conserved position in a loop in domain II of EF-Tu (Fig. 1) . Figure 3 shows the results of a typical experiment, in which the concentrations estimated from nucleotide exchange assays (Fig. 3A and B) were used to apply equal amounts of EF-Tu for SDS-PAGE (Fig. 3C) , which was followed by densitometric quantification, which revealed no significant difference. These EF-Tu preparations are fully active in GDP binding. The slope of the lines in Fig. 3A to support translation in vitro in the presence of different amounts of kirromycin. Translation was carried out with an excess of active ribosomes over EF-Tu so that EF-Tu blocked on ribosomes by kirromycin (70) would not prevent other EF-Tu molecules from participating in translation (23) . As controls, pure wild-type and pure kirromycin-resistant EF-Tu preparations were also used in these experiments. The results (Fig. 6a and b) show that the EF-TuA' B414 preparation responds to kirromycin as a pure sensitive population, whereas the EF-TuA8 B414 preparation responds as a pure resistant population. Thus EF-TuB414 has no phenotype in this experiment except to reduce the overall amount of protein synthesis. Given that we know, on the basis of protein sequencing and column chromatography, that the EF-TuB414 species is present, we conclude that it Fig. 7 show that the mixed EF-Tu population (A' B414) has a kcat/Km ratio about 30% lower (average of five experiments) than that of the pure wild-type EF-Tu. The degree of kcIt/Km reduction, taken in the context of the relative amounts of mutant and wild-type EF-Tu in the preparation, indicates complete (or nearly complete) inactivity in translation associated with EF-TuB Val-280. A reduced kcatlKm ratio for the ternary complex- ribosome interaction is compatible with the reduced growth and elongation rates seen in vivo. Our interpretation of this experiment is that the mutant ternary complex is defective in its interaction with the ribosome. However, an alternative possibility is that the formation of the ternary complex is defective because of a poor interaction between EF-Tu and aa-tRNA (this would give the same result as that shown in Fig. 7 ). To test for this possibility, we performed the experiments on the EF-Tu interaction with aa-tRNA detailed in the next two sections.
Interaction between EF-Tu and aa-tRNAPh' during in vitro translation. We asked whether the mutant EF-Tu was inactive in translation because of a defect in its interaction with aa-tRNA. To test this, we performed a translation assay with 10 pmol of active ribosomes, rate limited by the amount of EF-Tu (15 pmol), and with varying amounts of aa-tRNAPhC in the range of 100 to 2,000 pmol. If the mutant EF-Tu is defective in forming the ternary complex, its activity should be enhanced at higher aa-tRNA concentrations. Thus, our expectation was that the lines would converge at high aa-tRNA concentrations if the defect was compensated by excess aa-tRNA. On the basis of the slopes of the lines in Fig. 8 , we conclude that there is no significant difference between the different EF-Tu species in their interactions with aa-tRNA. Both the kctIKm ratio and the kcat for translation are lower with the mutant EF-Tu mixture, as in the previous experiment. In a control experiment (data not shown) using only 50% of the normal amount of wild-type EF-Tu, we plotted a line parallel to and slightly below that seen with the natural mutant/wild-type mixture. This again is consistent with the mutant EF-Tu making up only 30% of the EF-Tu mixture. We conclude that excess aa-tRNA cannot compensate for the mutant EF-Tu defect in translation and thus that this defect is unlikely to be due to low efficiency in forming a complex between aa-tRNA and EF-Tu. However, this conclusion would not be valid if the defect in ternary complex formation were so severe as to almost completely prevent the interaction. In other words, if it had been necessary to titrate aa-tRNA to much higher concentrations than we had titrated it to before the defect was overcome, we might have obtained the result shown in Fig. 8 . To test this possibility, we performed a physical assay of the ability of the mutant EF-Tu to form the ternary complex with GTP and aa-tRNA as detailed in the next section.
Interaction between EF-Tu and aa-tRNAPhe by native PAGE. We performed a physical assay of the ability of the mutant EF-Tu to form a ternary complex with aa-tRNA (using a method developed by N. Bilgin, T. Gluick, and M. Ehrenberg [7a] [see Materials and Methods]). Complexes were formed in solution with a constant amount of EF-Tu and a titration of aa-tRNA applied to gels and electrophoresed under nondenaturing conditions, and we analyzed the results by densitometry. The gels shown in Fig. 9A and B are typical, and the densitometric data from these gels plotted in Fig. 9C reveal no significant difference in the abilities of the wild-type EF-Tu and the mutant/wild-type EF-Tu mixture to form ternary complexes. Both curves plateau at the same level, corresponding to 200 pmol of EF-Tu, indicating that all of the input EF-Tu is in a complexed form. Control experiments show that complex formation is absolutely dependent on aa-tRNA and on GTP. Thus, the translation defect associated with EF-TuB Val-280 in vitro is not due to an inability to form a complex with aa-tRNA. Furthermore, complex formation in this assay proceeds with the same kinetics for wild-type and wild-type/mutant EF-Tu species. We conclude from this experiment that our EF-Tu preparations are fully active in binding aa-tRNA. These results, showing no obvious defect in the EF-Tu-aa-tRNA interaction, allow us to make a clear interpretation of the kcat/Km reduction in Fig. 7 as being due to a reduced efficiency of interaction between the mutant ternary complex and the ribosome.
EF-TuB Val-280 does not influence translational errors in vitro. We have measured missense error in vitro (data not shown) for the natural mixtures of wild-type EF-TuA' and EF-TuB Val-280 and of error-prone EF-TuA8 and EF-TuB Val-280 in parallel with pure wild-type and pure error-prone EF-Tu. Translational accuracy in this assay is very sensitive to perturbations, yet we measured in each natural mixture only the error level typical of the wild-type or error-prone EF-TuA species alone (23) . Thus, EF-TuB Val-280 does not influence the error level of the other EF-Tu.
GTP hydrolysis during ternary complex-ribosome interaction. The data presented in the previous sections show that the mutant EF-TuB Val-280 is competent and apparently normal with respect to its interactions with the guanine nucleotides, EF-Ts, and aa-tRNA. By elimination, and as shown by the assays of the ternary complex-ribosome interaction (reduced kcat/Km ratio and failure to block translation when complexed with kirromycin), this suggests that the defect of EF-TuB Val-280 in translation is related to its inability to interact productively with ribosomes. We performed another assay of the interaction of the mutant EF-Tu species with the ribosome by measuring the hydrolysis of GTP on EF-Tu associated with this interaction. We used the method developed by Ehrenberg et al. (18, 19) to measure the amount of GTP hydrolyzed on EF-Tu per peptide bond formed. This assay uses a translation elongation system that is complete except for the absence of EF-Ts. Thus, upon mixing, preformed ternary complexes take part in an initial rapid burst of translation and GTP hydrolysis followed by a very slow translation phase rate limited by the spontaneous (58) . Together, the data on the Gly-222 and Gly-280 mutants support the suggestion that domain II of EF-Tu has a role in the ternary complex-ribosome interaction.
It is worth pointing out that the normal interaction is one of the ternary complex (rather than EF-Tu) with ribosomes and that when EF-Tu dissociates from aa-tRNA it also leaves the ribosome. There is no a priori reason to assume a direct EF-Tu-ribosome interaction. In principle, the interactions might all be dictated by the bound aa-tRNA molecule. An indication that in the ternary complex EF-Tu itself is directly involved in interacting with ribosomes is that it has a region of homology (in domain I) with EF-G, a factor which interacts directly with ribosomes. The GTPase activity of the isolated domain I of E. coli EF-Tu is activated by 70S ribosomes (48) , while tryptic cleavage or enzymatic modifications to this region of either factor (EF-Tu/EF-la or EF-G/EF-2) can interfere with the ribosome interaction in each case (32, 45, 50, 54) or on the stability of the EF-Tu. aa-tRNA complex on the ribosome, affecting the probability that aa-tRNA will dissociate from the ribosome. A prediction of this model is that the perturbations in the ternary complex might cause measurable differences in the constants of binding of aa-tRNA with EF-Tu GTP. Clearly, more data on the structure of the ternary complex and experiments using only the mutant EF-Tu would be useful in evaluating these models.
